Abstract: A combined process of carbothermal reduction in vacuum and acid leaching is proposed to produce TiC from titanium bearing blast furnace (BF) slag from Pan Steel in Panzhihua city in China. Thermodynamics calculation shows that TiC can be obtained in the appropriate temperature and pressure range. Moreover, the results of the experiment indicate that TiC can be prepared by the combined process. The optimized parameters include particle size of original slag ideally below 200 mesh, reduction temperature of 1400°C, pressure of 1~10 Pa and mass ratio of slag and reduction (carbon powder) of 100/38. The x value in TiC x increases with increase of reduction degree while the maximum is 0.981. The final x is 0.957 in the pure TiC prepared by the combined process. Silicon and magnesium in the slag can be removed by evaporating, which makes silicon and titanium in the slag separate completely.
Introduction
TiC is extensively used in various branches of machine construction due to its high strength and hardness. It is useful for manufacturing the cutting tools, grinding wheels, coated cutting tips and coated steel press tools. There are a number of processes to synthesize TiC powder. TiC powder is commercially produced primarily by the reduction of TiO 2 with carbon, especially with carbon black, in the temperature range 1700-2100°C [1] . For such a process, reaction time is typically very long (10-20 h) and powders produced generally have undesirable inhomogeneity due to diffusion gradients established during the reduction process [2] .
The direct carburization method exploits the reaction between titanium and carbon. Due to the difficulty in preparing metal titanium, this process cannot be used widely. Moreover, it is difficult to make submicron Ti metal particles. Once such particles are produced, they are pyrophoric and difficult to handle [3] . In addition, high cost of the titanium preparation process leads to a relatively expensive TiC powder. Another method is based on the chemical reaction between TiCl 4 , H 2 , and C [4] . The reaction is driven in contact with an incandescent tungsten or carbon element. Either single crystal or polycrystalline TiC is grown directly on the filament. The reaction rate is the limiting step and the quality of the prepared powder is sometimes not good. In addition, special precautions have to be taken because TiCl 4 and the product HCl are very corrosive. Self-propagating high temperature synthesis can also be used to produce TiC through exothermic reactions [5] . The reaction between titanium and carbon is a highly exothermic process. After ignition, a combustive wave propagates throughout the reactants converting them into TiC. This reaction is extremely rapid and completes in less than a second. The limitation of the process is that very fine and pure titanium is needed and it cannot handle a large quantity of production. An economical process to produce TiC powder is necessary.
Panzhihua, which is located in the southwest of China, owns more than 10 thousand million tons of vanadium titanium magnetite bearing titania. In the blast furnace (BF) process, about 54% titanium enters the slag bearing titania, which cannot be used and piles in Pan Steel. Since the 1970s, amounts of BF slag and titania in the slag have accumulated to 70 million tons and 14 million tons, respectively. Furthermore, the amount of the slag continues to increase at the rate of 3.5 million tons per year. Titania remaining in the BF slag results in difficulty to use the slag for cement industry. Two additional problems of using such BF slag in cement industry compared to the normal BF slag are the waste of titanium and the environmental pollution. Since the 1970s, most researchers have been engaged in recovering titanium from the slag. Many processes have been proposed, such as alloys preparation [6, 7] , preparation of Ti(C,N) [8, 9] , acid leaching [10] , alkali leaching [11] , enriching in CaTiO 3 and TiC (TiN or TiCN) preparation [12, 13] . However, there is no one industrial process that can recover the titanium resource from the BF slag in an economical and environmentally friendly manner due to several problems, such as difficulty in separating titanium and silicon, heavy second pollution, complicated deoxidation process of the titanium oxides, and so on.
Here, a combined process of carbothermal reduction in vacuum and acid leaching is proposed to prepare TiC x O 1-x or TiC using titanium bearing BF slag.
Thermodynamics calculation
In order to obtain the suitable experimental conditions of the carbothermal reduction in vacuum, thermodynamics conditions were firstly calculated using FactSage 6.2 (Thermfact and GTT-Technologies, Herzogenrath, Germany). In the experiment, the industry titanium bearing BF slag was used to prepare TiC and TiC x O 1-x . Here, the carbothermal reduction of oxides and chemical compounds contained in the slag and the optimized area of the TiC formed at different pressures and different temperatures were considered.
The slag is treated as the mixture of the main oxides (CaO, SiO 2 , TiO 2 , MgO, Al 2 O 3 ) in the calculation and the changes of the Gibbs free energy with temperature were obtained. Figures 1 and 2 show that Gibbs free energy changes with temperature increases at atmospheric pressure and 10 0 Pa of the reduction system, respectively. It can be seen that TiC, Ti 2 O 3 and TiO can be produced when the temperature is lower than 1427°C at atmospheric pressure, while the other oxides almost cannot be reduced at atmospheric pressure. However, when the pressure decreases to 10 0 Pa, TiC can be obtained at about 934°C. At the same time, low valence titanium oxides also appear. SiO 2 is reduced to SiC prior to Si and SiO under these conditions. CaO and MgO are relatively difficult to be reduced when the temperature is lower than 1427°C at 10 0 Pa. It can be inferred that vacuum is helpful in decreasing the reduction temperature of these oxides. SiO and Mg, which have higher vapor pressure, can be produced at a suitable temperature and pressure. TiC can be obtained easily during the carbo thermal reduction.
Actually, the main phases in the titanium bearing BF slag are chemical compounds instead of oxides, such as CaTiO 3 , MgAl 2 O 4 , CaMg(SiO 3 ) 2 and CaFe(SiO 3 ) 2 . If the slag is treated as the actual phases, the relationships between temperature and Gibbs free energy of the carbon reduction at different pressures are shown in Figures 3-6 . According to the results of the thermodynamics calculation mentioned above, the oxides containing Si, Mg, Ca, Al, Fe and Ti are considered to be reduced to SiO, Mg, CaO, Al, Fe, and TiC, respectively. As shown in Figure 3 , CaTiO 3 can be reduced at 900°C below 10 0 Pa. When the temperature reaches 1100°C, the total Gibbs free energy of reduction reaction is < 0 at 10 -3~1 0 2 Pa, which means that TiC can be obtained from CaTiO 3 when the pressure is below 10 2 Pa. In Figure 4 , it can be seen that MgAl 2 O 4 is reduced to Mg and Al at 1350°C below 10 2 Pa. It can be inferred from Figure 7 shows the effects of several system pressures on oxygen potential. It can be seen that the trends of all curves are consistent. With increases in the system pressures, the logarithmic oxygen partial pressures increased from -26.3 to -15.6. These curves indicate that the oxygen partial pressure can be achieved in a vacuum furnace for different pressures and temperatures. The regions above the curve mean that the related partial pressure can be generated at certain conditions, and below the curves the partial pressure cannot be reached.
From the above results we can see that in a certain range of temperatures and system pressures, silicon and titanium in slag can be separated completely due to SiO being removed from the slag sample. The second pollution caused by the following acid leaching can be decreased because of silicon and magnesium oxides leaving the slag. TiC can be prepared by the union process of carbothermal reduction and acid leaching. However, it is difficult and complicated to get the optimized conditions to prepare TiC. To get the optimized conditions for TiC preparation, in theory, a phase diagram at 10 0 Pa has been built, as shown in Figure 8 . The chemical composition of slag calculated in the phase diagram is shown in Table 1 . The change of the partial pressure with temperature at 10 0 Pa has been superimposed in Figure 8 . To clear the main phase zones, some phase zones which are not related with the production are deleted in the phase diagram, shown in Figure 8 . There are four main phase regions in the diagram. The first one includes Zone 1, Zone 2, Zone 3 and Zone 4. In these zones, the main phases are chemical compounds in titanium bearing BF slag. The second part is Zone 5, which contains TiO. The third part is the phase TiC presents which is the critical zone in the research. The last part below the red line is the zone seeing TiC and SiC. Zone 6 is the region of pure TiC, in which the amount of the pure TiC can be changed by adjusting the system pressure when the reduction temperature is fixed. Namely, the system pressure increases when the TiC content decreases in Zone 6. When the system pressure is higher or lower than the pressure in Zone 6, it has no effect on the amount of the TiC.
From Figure 8 it can be seen that Zone 6 is the ideal zone in the research. To clear the effects of the pressure on TiC production, the regions relating to TiC region are separated, as shown in Figure 9 . Figure 9 shows the generating regions of TiC at different pressures. With decrease of the pressure, the region shifts to the lower temperature and TiC can be produced at lower temperatures. Therefore, suitable oxygen partial pressure is crucial to get the pure TiC from the titanium bearing BF slag.
Carbothermic reduction in vacuum
Titanium bearing BF slag was first crushed. A 10 g amount of milled slag with particle size of 80 mesh was mixed with suitable carbon powder and pressed into the balls. The reduction experiment was carried out in the vacuum furnace (JZTG2000-380, Jiugong Electric Inc., Shanghai, China) at the target temperature for a predetermined time. The graphite crucible containing the slag was covered by an Al 2 O 3 cover. The system pressure was controlled by the mechanical pump of the vacuum furnace.
Acid leaching
Impurities in the samples after carbothermal reduction in the vacuum needed to be removed. Silicon had left the sample, so alkaline oxides were the main substances to be considered. In order to obtain TiC, acid leaching was used. Firstly, the sample was ground and added into HCl solution with a concentration of 7 mol·l -1 . The beaker containing the solution was then put into a water bath, heated to 80°C and maintained for 2 h. The alkaline chloride was then separated from the solution. Finally, the sample was characterized with X-ray diffraction (XRD). Mg leave the slag following the carbothermal reduction in vacuum and these oxides are oxidized during collection in air. Figure 11 shows the effect of the particle size of slag on the samples produced by carbothermal reduction in vacuum at 1400°C for 2 h and acid leaching when the mass ratio of the slag and carbon is 100:40. It can be seen that the reduction in order to obtain TiC is the best when the size is about 200 mesh. When the original slag size is larger than 200 mesh, the reduction needs more time due to the poor reduction dynamic condition. By contrast, with the smaller original slag size, the specific surface area of the slag contacting with reductant increases, but the reduction efficiency is low. The main reason may be the decrease of the sample porosity which prevents the produced gases from leaving the sample. In the later investigation, slag size of 200 mesh is used. Figure 12 shows the effect of the reduction temperature on the reduction when the mass ratio of the slag and carbon is 100:40 at 10 0 Pa for 2 h. To clear the effect of the reduction temperature on the TiC produced, the amplified diagram is extracted from Figure 12A , shown as Figure 12B . When the temperature is below 1100°C, there is no TiC produced. While the temperature is 1200°C, TiC appears under the same reduction conditions. The results are consistent with the results of the thermodynamic calculation. When the carbothermal reduction temperature increases, more and more TiC is produced. As the temperature reaches 1350°C, the sample mostly TiC, except for the excess carbon after acid leaching. A higher temperature is beneficial for increasing the reaction rate and getting a high purity of TiC. In this research, when the vacuum degree of the carbothermal reduction system is 10 0 Pa, 1400°C is chosen as the optimized experimental temperature.
Results and discussion

Effect of the slag size
Effect of the reduction temperature
Effects of the reduction time
Reduction time is another important factor for the carbothermal reduction of the titanium bearing BF slag. Figure 13 shows the effect of the reduction time on purity of TiC at 1400°C and 10 0 Pa with the mix ratio of 100:38 for slag/ carbon in mass. With the increase of the reduction time, the impurities in the slag become less and less, because a longer reduction time provides more time for the reduction of other oxides and carbonization of titanium. When the reduction time exceeds 180 min, TiC is the unique phase in the slag, while a longer reduction time is unnecessary. Therefore, it is proposed that the appropriate reduction time is 180 min for preparing TiC in this study.
Effect of the reductant
Suppose the slag consists of only oxides and TiO 2 , SiO 2 , MgO and Al 2 O 3 are totally reduced to TiC, SiO, Mg and Al during carbothermal reduction. The optimized mass ratio of the slag and carbon is 100:29. Here, to ensure enough reductant so that oxides can be reduced entirely, the mass ratio is set as 100:40. However, the XRD analysis detected excess carbon in the final product, implying such addition of high carbon is unnecessary. The effects of the mass ratios of the slag and carbon on the purity of the TiC are thus studied to get the suitable reductant amount in the process. Figure 14 is the results while the reaction temperature and pressure were set as 1400°C and 10 0 Pa, respectively. It shows that the calculated carbon amount (100:29) is not enough to get pure TiC due to the incomplete reduction. When the mass ratio reaches 100:38, pure TiC can be obtained. However, referring to the XRD pattern in Figure 15 , carbon will remain in the final product of TiC when the mass ratio exceeds 100:40.
It is well known that TiC has a wide nonstoichiometric range (0.55 < C/Ti < 1.0) [14] . The physical and chemical properties of TiC largely depend on the compositions. For instance, the hardness and chemical inertness increase with increase in C/Ti mole ratio. By contrast, according to the phase diagram of titanium and carbon, the maximum of the nC/nTi is about 0.96, shown in Figure 14 . This shows that high carbon content leads to residual carbon and insufficient carbon content will produce unsaturated TiC. Namely, TiC 0.96 is the final product synthesized using titanium and carbon as precursors no matter what method is used. Carbon oxygen solid solution (TiC x O 1-x ) will be produced if aerobic conditions, oxides or oxygen exist.
Here, TiC prepared by the combined process is supposed to contain a certain amount of oxygen (TiC x O 1-x ) due to using TiO 2 as the precursor. To confirm the value of nC/ nTi in TiC prepared by the combined process, the x value in TiC x O 1-x is calculated by the total peak fitting method in GSAS software (Los Alamos National Laboratory, CA, USA), listed in Table 2 . This shows that the x value increases with increase in the reductant. When the reductant is insufficient and slag is not reduced completely, the x in TiC x O 1-x is 0.875, TiC 0.875 O 0.125 . While the mass ratio of slag and reductant is 100/38, x is 0.957, which is very close to pure TiC. However, as the mass ratio continues to increase, residual carbon appears. Therefore, TiC prepared in this research contains 4.3 mass% oxygen. Namely, TiC 0.957 O 0.043 is the final product by the combined process from titanium bearing BF slag as mass ratio of slag and reductant is 100/38. Figure 16 shows scanning electron microscopy images of the slag sample after carbothermal reduction in vacuum. Lots of grey ball product, which is TiC, can be seen. Some grey ball product is surrounded by white zones, which are Fe reduced from Fe x O y in slag. After acid leaching Fe and alkaline oxides removed from the reduced sample, pure TiC (including 4.3 mass% O) with certain size and morphology can be obtained.
Conclusion
Based on the thermodynamic analysis, it is easier to prepare pure TiC by carbothermal reduction in vacuum. With decrease of pressure in the reduction system, the reduction temperature of TiC decreases. TiC can be obtained at 1260°C when the pressure is 10 0 Pa. The optimum conditions for the preparation of titanium carbide from titanium bearing BF slag include a particle size of slag smaller than 200 mesh (80%), a mass ratio of slag and reductant of 100/38, reduction temperature at 10 0 Pa more than 1400°C and the reduction time is 180 min.
The final production of TiC produced in this research contains a certain amount of oxygen. Namely, the product is TiC 0.957 O 0.043 .
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